Abstract. We investigate the compatibility of cosmological constraints on inflation and the cosmological constant with the asymptotic safety scenario of quantum gravity. The effective action is taken to be of f (R) form, truncated to second order. The flow generated by the Functional Renormalisation Group Equation is analysed and it is found to allow for trajectories that are compatible with the observational constraints on the parameters of the action, both at early and late cosmological times. In particular, the gravitational effective dynamics generated in the trans-Planckian regime flows to Starobinsky inflation at early times and to standard Einstein Gravity with a cosmological constant at late times. Moreover, the cosmological constant acquires an energy dependence at 10 −2 eV, increasing from its current value of 10 −66 eV 2 on Hubble scale to a value of 10 30 eV 2 at inflation scale.
Introduction
Observations of supernova explosions [1, 2] suggest that the universe is currently undergoing a phase of accelerated expansion. Moreover, there are strong indications that the universe also went through an early period of accelerated expansion [3] called inflation. This dynamics may be recovered by introducing an inflaton field driving the dynamics of the early universe and a positive cosmological constant triggering the accelerated expansion at late times. In this paper, we explore the possibility that physics at trans-Planckian energies may set the seed for the observed effective dynamics of gravity below the Planck scale.
Our starting point is power-law f (R)-gravity, truncated at the second order in the Ricci scalar R, Table 1 : Observational constraints on the parameters of the action (1.1). For each parameter we indicate the energy scale corresponding to the distance over which the measurement is performed. These are the scale of inflation k infl , the laboratory scale k lab , and the Hubble scale k Hub .
summarized in table 1. In this paper we investigate whether the measured values of the parameters are consistent with the asymptotic safety scenario of quantum gravity [7] [8] [9] [10] [11] [12] [13] . 1 The key idea of our analysis is that couplings like the ones appearing in the action (1.1) acquire an energy dependence if gravity is promoted to a quantum field theory. This energy dependence is encoded in the renormalization group (RG) flow of the theory and captured by its β-functions. A consistent description of gravity valid on all scales may then be obtained along Weinberg's asymptotic safety conjecture [34] . In this scenario the gravitational interactions at trans-Planckian energy are controlled by a non-Gaussian fixed point (NGFP) of the gravitational RG flow. Solutions of the RG equations which are dragged into this fixed point for increasing energy are termed asymptotically safe. The asymptotic safety condition then places restrictions on the admissible values of the couplings and equips the construction with predictive power. Starting from the seminal work by Reuter [35] , there is substantial evidence that such a UV fixed point for gravity exists [7] [8] [9] [10] [11] [12] [13] . In particular, this fixed point persists in the presence of the Goroff-Sagnotti two-loop counterterm [36] .
Contact to the constraints listed in table 1 is then made by following the RG flow emanating from the NGFP towards low energies. In this work this flow is constructed based on the (Euclidean) action 2 2) where the subscript k implies that the couplings depend on the energy scale k. Within this setting, an asymptotically safe RG trajectory describing Nature (including a quantum gravity induced inflationary phase) should then meet the requirements summarized in table 2.
The existence of a RG trajectory that meets all these constraints is highly nontrivial and constitutes the main result of this work. The rest of the paper is organized as follows. In section 2 we derive the observational constraints reported in table 2. In section 3 we discuss the structural properties of the RG 1 Cosmological implications of Asymptotic Safety have received considerable attention [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] , also see [33] for an up-to-date review. These works incorporate the leading quantum gravity effects by a so-called renormalization group improvement procedure which identifies the energy scale k with a physical quantity. In this work, we pioneer a different path: instead of generating an effective dynamics via renormalization group improvement, we construct the effective action of the theory valid at the corresponding energy scale by solving the underlying renormalization group equations.
2 The relation between gravitational RG flows obtained from an Euclidean and Lorentzian setting has been studied in [37] and it was shown that the two settings lead to qualitatively identical phase diagrams. In the sequel we assume that this result also holds at the level of the R 2 -type actions (1.1) and (1.2).
-2 -Energy scale (eV) RG constraint Table 2 : Constraints on the f (R) action parameters in the RG framework at various scales. The observational constraints are the same as in table 1. Moreover, we require that beyond the (reduced) Planck scale M P ≡ (8πG) −1/2 , the RG flows towards a non-Gaussian fixed point (NGFP).
phase diagram of the R 2 -model. In section 4 we impose the observational constraints on the RG flow, and show that there indeed exists a RG trajectory satisfying all of them. The main body of the paper concludes with a discussion of the implications of these results. Technical details on converting f (R)-type Lagrangians to the Einstein frame and the β-functions underlying the analysis obtained in [38] have been relegated to appendix A and appendix B, respectively.
Observational constraints on gravity
The overall goal of this work is the construction of an RG trajectory passing through all points listed in table 2. In this section we start by deriving the values of the couplings at the corresponding energy scales based on cosmological observations made over different distance scales. At this stage the following introductory remark is in order. Table 2 may suggest that only one parameter is constrained at each given energy scale. The derivation of these values assumes that the other parameters take "reasonable values" at the specified scale (the meaning of this will be made precise below when discussing the individual constraints). In particular, it is assumed that Newton's coupling G k does not run significantly between inflationary scales and the laboratory scales where it is currently measured. Denoting the laboratory value of Newton's constant by G, we introduce the reduced Planck mass M P by the standard relation
At this stage we adopt these properties as a working hypothesis. Once a viable RG trajectory is found, we can check a posteriori that these working assumptions are indeed met.
Observational constraints from primordial cosmology
Assuming that the inflationary phase in the early universe originates from the R 2 -term (Starobinsky inflation), the parameter B can be constrained by early time cosmological observations. In the context of primordial cosmology, it is generally assumed that the energy density of matter and of the cosmological constant are negligible, meaning that these components do not influence the background dynamics significantly. We take as a working assumption that the RG flow of the cosmological constant is such that it does not spoil this approximation and the contribution of Λ k infl to the early universe dynamics can be considered as subdominant. Then, once a viable RG trajectory is selected, we can check a posteriori that this approximation is indeed met. Neglecting the contribution of Λ, the action (1.1) reduces to the so-called Starobinsky model [4] [5] [6] for inflation. Inflationary models can be constrained by using observations of the cosmic microwave background, as done most recently by the Planck collaboration [3] . Because these constraints rely on the inferred properties of primordial perturbations when they left the Hubble horizon, we take the Hubble parameter at that time as the relevant energy scale:
Constraints on inflationary models usually refer to parameters of the inflaton field potential V (ϕ) [3, 39] . We can apply these results to the R 2 -model we are interested in, since at the classical level f (R)-gravity can be rewritten using the equations of motion into an action for gravity coupled to a scalar field ϕ, with a potential V (ϕ). Following the derivation of appendix A, the action (1.1) with Λ = 0 leads to a scalar potential
which characterizes the Higgs inflation model [40, 41] . Recent constraints on this model are reported in [39] :
where
. When written in terms of the parameters (1.2) this constraint implies 5) with k taken at horizon crossing, k = k infl .
Late time cosmology
In the previous subsection we showed that early time cosmology provides a constraint on the R 2 coupling at high energy scales, k infl . In contrast, late time cosmology is sensitive to the value of the cosmological constant at very low energy scales corresponding roughly to the current value of the Hubble parameter. Thus measurements of the cosmological constant are done at an energy scale k Hub = 10 −33 eV . (2.6) While the constraint on B derived in the previous section relies on the assumption that the R 2 term dominates the universe dynamics at early times, here we make the complementary assumption that late-time dynamics is only sensitive to the standard Einstein-Hilbert term R and the cosmological constant Λ (i.e. we rely on the standard ΛCDM cosmological model). Because the curvature is very small, the R 2 term can be considered negligible, as long as the RG flow does not drive the coupling B to extremely large values. 3 What observations actually provide is an upper bound on the value of the Hubble parameter, H infl < 3.6 × 10 −5 MP . The fact that this is an upper bound rather than an estimate is because H infl ∝ r 0.1
, and we only have upper bounds on the tensor-to-scalar ratio r [3] . The order of magnitude estimate that we give in eq. (2.2) is based on the general expectation that r should not be much smaller than its current upper bound. 4 As explained in appendix A, we are using an action with opposite overall sign with respect to the one conventionally used in cosmology.
Current late-time cosmological observations are fully compatible with a universe dynamics governed at late times by a R − 2Λ action [42] . Specifically, the cosmological constant density parameter takes the value
Together with the current value of the Hubble parameter [43] , 8) this allows to estimate the cosmological constant as follows: 5
(2.10)
Newton's gravitational constant
Current estimates of Newton's gravitational constant are based on laboratory experiments, made on scales of about 10 −2 − 10 0 m [43] , corresponding to energies of 10 −4 − 10 −6 eV. We use as reference scale the intermediate value:
The most up-to-date value of the Newton coupling is provided in [43] :
Since this value is obtained from a local measurement where the laws of gravity are captured by Newtonian gravity, the result (2.12) is not sensitive to the value of the cosmological constant or to the R 2 coupling.
RG structure
The second ingredient in our analysis is the gravitational RG flow projected onto actions of the form (1.2). This flow relates the values of the coupling constants at different energy scales k. Concretely, we base our analysis on the flow equation derived in [38] which is reviewed in appendix B. 6 Our results extend earlier work [47] . The scale-dependence of the couplings G k , Λ k and B k is most conveniently analyzed in terms of their dimensionless counterparts
The k-dependence of these couplings is governed by their β-functions
where t = log(k/k 0 ) denotes the logarithmic RG time and k 0 is an arbitrary reference scale. The functions β i (g, λ, b) are obtained by solving the system (B.16). In order to get an idea about the RG trajectory realized by Nature we first investigate the fixed point and singularity structure of the β-functions in subsection 3.1 before constructing sample trajectories in subsection 3.2. The main result of this section is given in figure 1.
Fixed points, singularities and separation lines
By definition a renormalization group fixed point corresponds to a point {g * } in the space of coupling constants where all β-functions vanish simultaneously. Depending on whether this point corresponds to a free or interacting theory, one distinguishes between the socalled Gaussian fixed point (GFP) and non-Gaussian fixed points (NGFPs). Investigating the system (B.16), one finds that there are two fixed points relevant for the present analysis. The GFP is located at
In addition the system exhibits a NGFP situated at
The flow in the vicinity of a RG fixed point can be studied by linearizing the β-functions around this point. The properties of the linearized flow are captured by the stability matrix B ij := ∂ g j β g i g=g * . Defining the critical exponents θ i as minus the eigenvalues of B ij , eigendirections whose θ i come with a positive real part attract the RG flow for increasing k while critical exponents with a negative real part are UV repulsive. Evaluating the stability matrix for the GFP yields the critical exponents GFP:
Combining this information with the associated eigendirections shows that the GFP is UVattractive in the g = 0 plane and UV-repulsive in the two other eigendirections. The analogous analysis for the NGFP yields [38] NGFP: 6) indicating that the NGFP acts as an UV-attractor for RG trajectories entering its vicinity. The large positive eigenvalue θ 3 is typical for the R 2 system (see e.g. [48] ). Its value reduces significantly once higher-order curvature terms are included [38, 49, 50] . These results also show that the critical exponents associated with curvature terms of order R 3 and higher come with a negative real part, so that the present approximation most likely includes all the free parameters occurring in asymptotically safe gravity. Besides its fixed points, the singular loci of the β-functions play an essential role in constructing the phase diagram. The region containing the GFP and the NGFP is bounded by two planes where β i (g, λ, b) is infinite. These planes are shown in the left panel of figure 1 and labeled by the letters "A" and "B", respectively. The surface A is parabola-shaped and extends approximately parallel to the b-axes. This surface constitutes a possible termination point for RG-trajectories flowing to positive values of λ at small values k. The surface B bounds the region containing the GFP and NGFP towards positive values b. Typically RG trajectories do not terminate in this surface since they are repelled once they come close to it.
Finally, one finds that the β-function for the Newton coupling, β g (g, λ, b), vanishes as g = 0. As a consequence RG trajectories can not cross the g = 0 plane. Since the observed value of the Newton coupling is positive at laboratory scales, this feature limits the physically interesting sector of the phase diagram to positive values g k . The red curves lead to a positive IR value of the cosmological constant and are denoted as trajectories of Type IIIa. These trajectories eventually terminate in the singular plane (A). The blue curves denote trajectories of Type Ia and possess a negative IR value of the cosmological constant. These curves avoid any singularities. The surface spanned by the orange curves marks the trajectories of Type IIa. Their IR limit is given by the GFP. These solutions separate the trajectories of Type Ia and IIIa. Finally, the green curve marks the trajectory that meets the observational constraints.
Construction of sample trajectories
Following up on determining the relevant fixed point and singularity structures linked to the RG flow of the R 2 -action (1.2) we proceed by constructing explicit sample solutions by integrating the flow equations (3.2) numerically. Our primary focus is on RG trajectories which emanate from the NGFP (3.4) at large values of t and undergo a crossover to the GFP as t is lowered. Typical examples exhibiting this behavior are shown in the right panel of figure 1 . Following the discussion [47, 51, 52] it is this type of solutions which give rise to a classical regime resembling general relativity at low energy.
Following the classification in [51] for the Einstein-Hilbert truncation, a useful discriminator for the solutions is the IR value of the cosmological constant. Similarly to the EinsteinHilbert classifications one encounters trajectories which flow towards negative (Type Ia, blue curves) and positive Λ (Type IIIa, red curves) as t is lowered. The former are typically well-defined for all values of t while the latter terminate in the singular locus A. Finally, there are solutions (orange lines) which start at the NGFP and end at the GFP as t → −∞. These trajectories give rise to a vanishing IR value of the cosmological constant. They span a two-dimensional plane which separates the solutions of Type Ia and Type IIIa.
It is also instructive to discuss the flow of the R 2 -coupling b k along these trajectories. In all cases, b flows to zero in the IR. Let us first consider the trajectories that flow towards b → 0 from positive b. Starting in the IR (g k 1) and following the flow into the UV, one finds that after approaching the GFP, these trajectories make a sharp turn towards positive b. As the trajectories approach the singular plane B, they are eventually repelled in the direction of the NGFP. This fixed point then provides the UV completion of the trajectory as t → ∞.
Trajectories that approach b k → 0 from negative b show a different behavior. Tracing the flow from IR to the UV, they first flow towards the GFP before making a turn towards negative b. After obtaining a minimum value of b, they take a sharp turn and flow back into the direction of the GFP before entering the NGFP regime. In contrast to the trajectories with positive b, the flow of this type of trajectories may be bounded by the singular plane A. This ceiling may prevent the solutions from reaching the basin of attraction of the NGFP so that they terminate at a finite value t once they leave the g 1 region.
A complete cosmic history from Asymptotic Safety
Based on the phase space analysis of the previous section, we are ready to check if there is an RG trajectory satisfying all the conditions listed in table 2. The values of the couplings listed in this table refer to different energy scales which turns the search of the corresponding RG trajectory into a rather complicated boundary value problem. In order to simplify the analysis we first convert this setup into an initial value problem in subsection 4.1 before constructing the corresponding RG trajectory numerically in subsection 4.2. The main result of this section is the trajectory displayed in figure 2 which meets all cosmological requirements.
Initial values for the RG trajectory realized by Nature
Our first task is to determine the value of b k and λ k at the scale k 0 ≡ k lab which will be used to set up the initial value problem. Since inflation and the measurement of the cosmological constant occur well below the Planck scale, g k 1 in this regime. Thus an expansion of the β-functions in powers of g k which retains the leading quantum corrections is sufficient to capture all relevant features of the RG flow in this regime. 7 From a practical viewpoint, it is convenient to rewrite the β-functions (3.2) in terms of the new couplings
since this allows to find analytic expressions relating the values of the couplings at different scales k. We start with the expansion of the β g (g, u 1 , u 2 ). This gives up to second order in g
which is independent of u 1 and u 2 . The flow of g k can then be integrated analytically, yielding
We see that indeed, if k k 0 , the dimensionful Newton's coupling is constant, up to corrections of order in (k 2 −k 2 0 ). Thus it is convenient to identify k 0 = k lab since this corresponds to the scale where G k is measured. Converting the measured value of the dimensionful Newton's constant into dimensionless quantities gives
The expansion of β u 1 (g, u 1 , u 2 ) yields
Substituting the explicit solution for g k , eq. (4.3), one finds that the scale-dependence of u 1 k is given by
Combining the solutions of g k and u 1 k , allows to map the value of the cosmological constant measured at the Hubble scale k Hub to the value of u 1 k at the laboratory scale
Finally, the expansion of β u 2 (g, u 1 , u 2 ) yields
(4.8)
The solution of this equation gives the typical logarithmic running of a marginal coupling at one-loop level
Inserting the measured values at k infl gives the initial value These values serve as the starting point for integrating the flow equation numerically.
The RG trajectory realized by Nature
In order to obtain the RG trajectory resulting from the initial conditions (4.11), we now integrate the full β-functions numerically. For this, we use the NDSolve routine in Mathematica.
Since the initial starting point is very close to zero, we increase the working precision to 124 digits. When the integration reaches a regime where the parameters take larger values, we decrease the precision to 25 digits. This allows us to track the RG flow from the classical regime up to the NGFP regime. The resulting RG trajectory is depicted by the green curve in figure 1b . The scaledependence of the corresponding dimensionful couplings Λ k , G k , and B k is summarized in figure 2 . In table 3, we summarize the values of the couplings at different relevant energy scales. The existence of this RG trajectory constitutes the main result of this work. The solution shown in figure 2 exhibits several remarkable features. First of all, we see that indeed the RG flow meets all observational constraints. This means that the expansion in small g is valid, and that quantum effects only play a role at energy scales beyond inflation. In fact, both the Newton's coupling and the R 2 coupling start to run at 10 24 eV, which is beyond the upper bound on the inflation scale, 10 22 eV. Interestingly, the Newton's coupling reaches a very small value at the Planck scale 10 27 eV. 8 Secondly, we observe that Λ k starts to run at 10 −2 eV, corresponding to a length scale of 10 −4 m. At lower energy scales, Λ k is constant and equal to the value quoted in table 1, thus not spoiling the agreement with current measurements, that take place over cosmological scales.
We close our discussion by verifying that our RG trajectory meets all the working assumptions made in section 2. At the inflation scale, one has to check that Λ k infl = 10 30 eV 2 does not affect the dynamics in this regime so that the constraint obtained on B is valid. Specifically, we assumed that at the scale k infl the R 2 term dominates the background universe evolution. This amounts to the condition Λ k /(B k R 2 ) 1 and B k R 1, both evaluated at k = k infl . Using that in an approximately de Sitter background the curvature R is related to the Hubble parameter as R 12H 2 and the relation that H = k infl , we find
Thus our working assumptions are indeed valid in this regime. The analysis of the late time cosmological evolution assumed that the R 2 term does not significantly affect the background universe evolution at k Hub . Again making use of the fact that at late times we are in a quasi-de Sitter background so that R 12(k Hub ) 2 , we find
Together with the result (4.12) this establishes that our RG trajectory indeed fulfills all the working assumptions made when deriving table 2.
Conclusion
In this work we have studied the compatibility of the asymptotic safety mechanism with the laws of gravity observed at sub-Planckian scales. The main focus has been on obtaining a viable cosmological evolution. This question has already been subject to a significant amount of work. Starting from the seminal works [14, 15] , the cosmological evolution and its signatures have been studied using a modified dynamics resulting from scale-dependent couplings [16, [18] [19] [20] [21] [22] [23] [24] [25] , dilaton-gravity [17, 28] , Higgs-inflation inspired models [26, 27] , non-Gaussian fixed point driven inflation [29] [30] [31] , and anisotropic models [32] . All these investigations rely on a so-called renormalization group (RG) improvement which relates the RG scale k to a physical quantity like the Hubble scale or the Ricci scalar R in order to capture "the leading quantum gravity effects" of the system. These studies have raised the expectation that the very early universe undergoes a phase of power-law inflation and an almost flat scalar power spectrum [33] .
In this work, we perform the first cosmological analysis within asymptotically safe gravity based on a "first principles" analysis. The gravitational dynamics is obtained by solving the flow equation for the effective average action at the R 2 -level, giving the explicit energy dependence of the three gravitational couplings contained in (1.2) . Thus the gravitational dynamics is obtained without invoking a scale-identification procedure. Analyzing the space of solutions compatible with Asymptotic Safety gave rise to two striking insights. First, there are solutions which are compatible with the values of the Newton coupling and cosmological constant observed, respectively, at laboratory and cosmological scales. Moreover, these constraints from late-time cosmology are compatible with an R 2 -term which gives rise to a phenomenologically viable phase of inflation, without spoiling the late-time cosmological evolution. The seeds for this salient physics below the Planck scale are laid by the NGFP governing the gravitational dynamics at trans-Planckian scales: mapping out the surface of asymptotically safe RG trajectories establishes that there are solutions which besides being compatible with observed low-energy physics also realize an inflationary phase based on the resulting gravitational dynamics. Thus Asymptotic Safety may naturally give rise to Starobinsky inflation and there is no need to introduce an ad hoc inflaton field. In this sense, the construction is very economic in attributing highly desirable features in the early and late-time dynamics of the universe to quantum gravity effects. 9 As a by-product our analysis constructed the realistic RG trajectory displayed in figure 2. 10 An intriguing feature of this solution is that the cosmological constant Λ k acquires an energy dependence already at 10 −2 eV. This scale is well below the Planck scale where the energy dependence of the Newton coupling and the R 2 -coupling sets in and already occurs in the vicinity of the Gaussian fixed point, i.e., way below the energy scale where the Newton coupling and the R 2 -coupling exhibit an appreciable scale-dependence. As a consequence, one expects that fluctuations with a length scale of 10 −4 m (or smaller) feel a different value of Λ k . Assuming that a fluctuation of this size is generated at the same time as the cosmic microwave background, the subsequent cosmological evolution would expand such a structure to a size of approximately 1 m, a scale that is well below the resolution of current large-scale structure surveys. On the other hand, currently observed scales in the cosmic microwave background power spectrum would have a wavelength of 10 −4 m during the inflationary phase, after horizon exit. It would be interesting to investigate if this effect leaves an imprint on the structure formation in the early universe.
We close our discussion with the following remark. It is clear that (free) matter fields give rise to additional contributions in the β-functions (B.15) [57] [58] [59] . Naturally, the properties of the non-Gaussian gravity-matter fixed points, including its position and stability coefficients, differ from the ones encountered in pure gravity. At least for the class of gravity-dominated gravity-matter fixed points these properties are, by definition, qualitatively similar to the ones of the pure gravity fixed point underlying this work. We thus expect that the scenario developed in this work essentially carries over to these cases as well.
Note added: while being in the final stages of completing this manuscript the related work ref. [60] has been published. The work performed a cosmological analysis based on the Einstein-Hilbert action supplemented by an R 2 (1 + b log(R/µ 2 )) −1 term which was argued to originate from resuming higher-order curvature contributions not included in the ansatz (1.2) . Interestingly, this model leads to a scalar-to-tensor ratio in a range accessible by the next generation of CMB experiments.
The kinetic term for the scalar field φ can be brought into canonical form by introducing the new field ϕ according to
If f (φ) is monotonic, this relation implicitly defines a map φ(ϕ). Substituting this map into the action (A.3) yields
with the scalar potential given by
For the f (R)-type action (1.1), the transformation from Jordan to Einstein frame can be carried out explicitly. For this specific case 12
For B = 0 the theory already is in the Einstein frame, so we assume that B = 0. Evaluating (A.4) for f (φ) which is quadratic in φ leads to the following relation between the scalar fields:
Finally, the scalar potential resulting from (A.7) is
This potential provides the starting point for analyzing the cosmological dynamics in section 2.
B RG machinery
The most important tool for constructing approximate solutions of the renormalization group flow of gravity is the functional renormalization group equation (FRGE) for the effective average action (EAA) Γ k [35, [63] [64] [65] . Schematically, the FRGE takes the form
where Γ (2) k is the Hessian of the EAA and t := ln(k/k 0 ) is the RG time. The regulator R k suppresses field modes with momentum p 2 k 2 , while it vanishes for p 2 k 2 . The supertrace denoted by Str sums over field components while providing necessary minus signs for ghost field contributions. The present work focuses on approximations where the gravitational part of Γ k is given by a f (R)-type gravitational action. Flow equations governing the scaledependence of this function have been derived in [38, 45, 49, 50, 66] and their properties have been analyzed in detail by various groups (see [46, [66] [67] [68] [69] [70] [71] for selected works and further references).
The present work builds on the flow equation derived in [38] . In order to obtain a self-contained manuscript, the main features and results of this construction are reviewed in this appendix.
In the remainder of this section, we discuss the particular setup that is used in [38] . The construction of the FRGE for gravity heavily relies on the background field formalism. The quantum metric g µν is decomposed into a fixed background metricḡ µν and a fluctuating metric h µν using a linear split:
2)
The full ansatz for the EAA is then taken to be
This term is supplemented by a scale-independent gauge-fixing term implementing geometrical gauge in the Landau limit. The ansatz for Γ k is then completed by the corresponding ghost action and auxiliary fields exponentiating Jacobians arising from field redefinitions. Details on these terms can be found in the original article [38] . Here, a prime denotes a derivative w.r.t. the dimensionless curvature scalar r and η f is the anomalous dimension of f k (R),
Using the dimensionless variables introduced in eq. (3.1), the dimensionless function F k (r) corresponding to the action (1.2) is Substituting this expression into (B.6) and subsequently expanding the result in a power series around r = 0 the β-functions for the couplings λ k , g k and b k can be read off from the three lowest order terms in this expansion. Concretely, 15) where the β i are obtained as the solution of the following linear system of equations
The β-functions (B.16) are the main result of this appendix and underlie the analysis of the gravitational RG flow performed in section 3.
